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Description 
Tunable Semiconductor Diodes 

Background of Invention 
[0001] 1. Technical Field 

[0002] The present invention relates to semiconductor diodes, 
and more particularly, to tunable semiconductor diodes. 
[0003] 2. Related Art 

[0004] ESD (electrostatic discharges) diodes are well known in 

present day semiconductor technology in order to protect 
I/O and other internal circuitry from electrostatic dis- 
charges and other overvoltage conditions that could cause 
catastrophic failure in integrated circuits. See e.g. U.S. 
Patent 5,629,544 to Voldman et al., "Semiconductor Diode 
with Silicide Films and Trench Isolation," which teaches 
ESD diodes having silicided electrodes to reduce series re- 
sistance, and U.S. Patent 5,945,713 to Voldman, "Electro- 
static Discharge Protection Circuits for Mixed Voltage In- 
terface and Multi-Rail Disconnected Power Grid Applica- 
tions," which teaches an ESD diode that can interface with 



multiple supply voltages. 
[0005] Because of high sheet resistance, these ESD diodes must 
be made large in order to discharge the ESD currents. 
Voldman et al using a p+/n well diode showed that ESD 
improvement can be achieved by reduction of the n well 
sheet resistance in a CMOS technology from 1000 Ohms/ 
square to 300 Ohms/square. In a CMOS technology, this 
also leads to an increase in the capacitance per unit area 
which is acceptable for CMOS technologies below 1 GHz 
application frequencies but not for application speeds 
above this frequency range. Large ESD structures are also 
unacceptable for high speed RF (Radio Frequency) appli- 
cations due to the high capacitance load placed on the RF 
circuit. 

[0006] As integrated circuit (IC) switching speeds approach and 
pass 1GHz, there is a need to reduce the capacitance of 
ESD diodes. This is because as switching speeds increase, 
device area decreases, such that device reactance remains 
relatively constant. As capacitance decreases, it is desir- 
able to avoid compromising the ESD robustness (that is, 
the breakdown voltage) of the diode. In general, these 
goals have been mutually exclusive; ESD robustness is 
typically preserved by making the diode structure fairly 



large, which drives up capacitance. Thus, there is a need 

in the art for an ESD diode that has reduced capacitance 

without reduced ESD robustness. 
Summary of Invention 

[0007] The present invention provides a diode structure, com- 
prising (a) a substrate layer comprising a semiconductor 
material and first doping impurities with a first charge po- 
larity; (b) a first layer having an opening, the first layer 
being on top of and in direct physical contact with the 
substrate layer, the first layer comprising the semicon- 
ductor material and second doping impurities with a sec- 
ond charge polarity, the second charge polarity being op- 
posite to the first charge polarity, the opening comprising 
the semiconductor material but not comprising the sec- 
ond doping impurities; (c) a second layer being on top of 
and in direct physical contact with the first layer, the sec- 
ond layer comprising the semiconductor material and 
third doping impurities with the second charge polarity, 
the first layer having a higher doping concentration than 
the second layer; and (d) an electrode structure being on 
top of and in direct physical contact with the second layer, 
the electrode structure including at least an anode and a 
cathode of the diode structure. 



[0008] The present invention also provides a method for forming 
a diode structure, the method comprising the steps of (a) 
providing a substrate comprising a semiconductor mate- 
rial and first doping impurities with a first charge polarity; 

(b) implanting in the substrate second doping impurities 
with a second charge polarity to form a first layer with an 
opening, the opening comprising the semiconductor ma- 
terial and not comprising the second doping impurities; 

(c) implanting in the substrate third doping impurities 
with the second charge polarity to form a second layer on 
top of and in direct physical contact with the first layer, 
the first layer having a higher doping concentration than 
the second layer; and (d) forming an electrode structure 
on top of and in direct physical contact with the second 
layer, the electrode structure including at least an anode 
and a cathode. 

[0009] The present invention also provides a diode structure, 
comprising (a) a substrate layer comprising a semicon- 
ductor material; (b) a first layer having an opening, the 
first layer being on top of and in direct physical contact 
with the substrate layer, the first layer comprising the 
semiconductor material and first doping impurities with a 
first charge polarity, the opening comprising the semicon- 



ductor material and not comprising the first doping impu- 
rities; and (c) a second layer being on top of the first layer, 
the second layer comprising the semiconductor material 
and second doping impurities with a second charge polar- 
ity, the second charge polarity being opposite to the first 
charge polarity. 

[0010] The present invention also provides an ESD (electrostatic 

discharges) diode that has reduced capacitance without 

reduced ESD robustness. 
Brief Description of Drawings 

[0011] FIG. 1A-1C illustrate the steps for fabricating a diode, in 
accordance with embodiments of the present invention. 

[0012] FIG. 2A, 2B, 2C, and 2D illustrate variations of the diode 
of FIG. 1C, in accordance with embodiments of the 
present invention. 

[0013] FIG. 3 illustrates a variation of the diode of FIG. 2B, in ac- 
cordance with embodiments of the present invention. 

[0014] FIG. 4 illustrates a variation of the diode of FIG. 3, in ac- 
cordance with embodiments of the present invention. 

[0015] FIGS. 5, 6, 7, and 8 illustrate different configurations for 

using diodes, in accordance with embodiments of the 

present invention. 
Detailed Description 



[0016] Diodes with different breakdown voltages and different 
capacitance loading are used in ICs (Integrated Circuits) 
for a variety of purposes. Diodes are used as analog cir- 
cuit elements, varactors, and electrostatic discharge (ESD) 
circuit applications. Breakdown voltage values and loading 
capacitance are a concern for circuits on input pads. One 
purpose of using diodes is for usage as electrostatic dis- 
charge circuitry. ESD devices are used on input pins and 
between power rails to discharge current to the power 
rails, or between power rails. ESD may occur when isolated 
circuits with different functions coexist on the same IC. 
Electrostatic charge may accumulate on these isolated cir- 
cuits, and needs to be discharged. Diodes can be used to 
connect these isolated circuits. For instance, a diode can 
be used to connect an electric node A belonging to a first 
circuit of the IC to another electric node B belonging to a 
second circuit of the same IC. When electrostatic charge is 
accumulated in these first and second circuits to some 
predetermined level such that V* ab (voltage difference be- 
tween nodes A and B) exceeds the breakdown voltage of 
the diode, discharge through the diode occurs. ESD de- 
vices provide low impedance paths to provide current flow 
between electrical nodes in a semiconductor ESD diodes 



influence the radio frequency (RF) response of peripheral 
or input-output circuitry. The RF response is critical to the 
circuit function. ESD diode elements provide capacitive, 
inductive and resistive loading effects on circuits which 
can lead to a shift in the frequency response of a network. 
For example, an LC network is influenced by the loading 
effect of the ESD element. Hence the ability to co- 
optimize and tune a network with an ESD element is criti- 
cal for semiconductor design. Hence it is desirable to have 
a diode structure which allows a change in its capaci- 
tance-voltage relationship (e.g. C(V) ) for RF circuit opti- 
mization. Therefore a structure that allows for the tuning 
and variation of the capacitance-voltage relationship is 
key for RF applications. 
[0017] Linearity is an important aspect of RF circuit functionality. 
Linearity is the dependence on the capacitance depen- 
dence on voltage as stated in the aforementioned text. 
Two variables of interest are the total capacitance of the 
load, as well as the derivative of the capacitance with re- 
spect to voltage (e.g., dC(V)/dV) and its successive deriva- 
tives. Hence it is desirable to provide a structure and 
methodology to provide a structure which allows a desired 
C(V), and a desirable dC/dV value for circuit applications. 



[0018] | n rf circuit design, the ability to co-design the RF circuit 
function with the ESD protection elements is key to good 
RF design in order to provide ESD protection, and RF func- 
tionality. Hence it is desirable to have a method of design 
which allows optimization of ESD protection, loading ef- 
fects, linearity characteristics and other RF performance 
objectives. 

[0019] Therefore, a design of a novel diode whose capacitance 
loading and breakdown voltages can be tuned (varied) 
during the design phase or manufacturing is needed. A 
method is also needed for forming and operating the 
novel diode in ICs. 

[0020] CMOS latchup, and minority parasitic devices are also im- 
portant in formation of diode structures. Hence it is also 
important to provide the ability to lower the injection of 
minority carriers, and provide good linearity of diode 
structures. 

[0021] The diode structure also forms a vertical pnp transistor in 
the semiconductor chip. Modulation and optimization of 
the diode characteristics as well as the vertical pnp char- 
acteristics is desirable from a capacitance loading, ESD, 
noise and RF performance perspective. 

[0022] a s integrated circuit (IC) switching speeds improve, it is 



also important to provide ESD diodes with high Quality 
factors, known as "Q" . The Q factor in an ESD diode is a 
function of the capacitance and the diode series resis- 
tance. For ESD robustness and a high Q factor, it is impor- 
tant to provide an ESD element which has a minimum of 
diode resistance and inductance. 

[0023] As circuits increase in switching speed, it is important that 
the reactance remains a constant. The reactance is equal 
to the product of the application frequency and capaci- 
tance. Hence, there is a need in the art for an ESD diode 
that can be scaled to lower capacitance as the frequency 
of the application increases from 1 Ghz to 1000 Ghz. 

[0024] For RF and high speed applications, it is also important 
that ESD networks do not generate noise. Noise injected 
into the substrate can affect analog and RF circuitry. Noise 
generation which occurs in the ESD network can lead to 
functional misoperation of analog and RF circuits. Hence, 
there is a need in the art for an ESD networks that prevent 
noise injection into adjacent analog or RF circuitry. 

[0025] For RF and high speed applications, high resistive sub- 
strates are used to avoid noise coupling between digital 
and analog circuitry. Using low doped substrates leads to 
an increase in the latchup sensitivity of a technology. 



Latchup occurs when a negative resistance condition is 
established leading to a low voltage high current state. 
Latchup can be destructive to a semiconductor chip. 
Latchup typically occurs because of triggering of a pnpn 
structure. Current injection from overshoot or undershoot 
phenomenon can lead to triggering latchup. Hence, there 
is a need in the art for an ESD element that does not en- 
hance the latchup sensitivity of a technology. 
[0026] For analog, RF and power applications, thermal properties 
of a semiconductor device, isolation structure and its geo- 
metrical design can significantly influence the ESD robust- 
ness of an ESD structure. Self heating occurs in semicon- 
ductors as a result of the power in the structure. The tem- 
perature in an ESD device can be estimated as equal to the 
product of the power and the thermal impedance. The 
thermal impedance is analog of the electrical impedance 
which is a function of the thermal conductivity to the sub- 
strate, cross sectional area and distance to the substrate 
region. Hence, there is a need in the art for an ESD struc- 
tures to provide an ESD device which achieves low thermal 
impedance to minimize self-heating and failure of an ESD 
structure. 

[0027] The present invention provides a novel structure compris- 



ing of a region which allows for optimization of the ca- 
pacitance voltage dependence (e.g. C(V)) characteristic in 
a diodic structure using a masked implant in a diode 
structure. 

[0028] The present invention provides a structure comprising of 
a region which allows for optimization of the derivative of 
the capacitance voltage dependence (e.g. dC(V)/dV) and 
subsequent higher order derivatives in a diodic structure 
using a masked implant in a diode structure. 

[0029] The present invention provides a structure comprising of 
a region which allows for co-optimization of the RF char- 
acteristics and the ESD performance in an integrated chip 
design. 

[0030] The present invention provides a structure comprising of 
a region which allows for optimization of the diode de- 
pendence (e.g. C(V)) characteristic in a diodic structure 
using a masked sub-collector implant in a diode structure 
in a CMOS and RF CMOS technology. 

[0031] The present invention provides a structure comprising of 
a region which allows for optimization of the diode de- 
pendence (e.g. C(V)) characteristic in a diodic structure 
using a masked sub-collector implant in a diode structure 
in a RF BiCMOS technology, such as Silicon Germanium 



and Silicon Germanium Carbon technology. 
[0032] The present invention provides structures for a novel 

diode whose capacitance and breakdown voltage is tune- 
able in the layout process, design process and manufac- 
turing process. 

[0033] The present invention provides a method for forming and 
operating the novel diode whose capacitance and break- 
down voltage is tune-able in the layout process, design 
process and manufacturing process. It is the motivation of 
the inventor to provide a variable tunable diode structure 
and method. 

[0034] it i S the motivation of the inventor to provide a diode 

structure whose capacitance-voltage relationship is vari- 
able. 

[0035] it is the motivation of the inventor to provide a diode 

structure whose derivatives of the capacitance-voltage re- 
lationship is variable. 

[0036] n is the motivation of the inventor to provide a diode 

structure whose breakdown voltage capacitance relation- 
ship is variable. 

[0037] n is the motivation of the present inventor to provide a 
diode structure in a Silicon CMOS technology, RF CMOS 
technology, a Silicon Germanium technology, and a Silicon 



Germanium Carbon technology. 

[0038] it is the motivation of the present inventor to provide a 

method of design to allow tunable structures in a parame- 
terized cell (P-cell) environment for co-synthesis of ESD 
protection and RF design. 

[0039] FIG. 1A-1C illustrate the steps for fabricating a diode 100, 
in accordance with embodiments of the present invention. 
More specifically, with reference to FIG. 1A, the fabrication 
process starts with a P- substrate 110. Then, with the use 
of a mask (not shown), N+ retrograde well implant region 
120 with an opening (hole) 122 is implanted into the sub- 
strate 110. The size of the mask decides the size of the 
opening 122 in the region 120. Then, an N- region 130 is 
implanted into the substrate 110. 

[0040] | n one embodiment, alternatively, the N+ implant region 
120 can be a sub-collector region. In this case, the p- 
substrate 110 is formed followed by the sub-collector 
formation. More specifically, the masked sub-collector re- 
gion (not shown) is formed using a mask opening. An N- 
epitaxial region (not shown) can be formed over the sub- 
collector region. Additionally, low doped n- implants can 
be added into the N- epitaxial region. 

[OO 41 ] With reference to FIG. IB, STI (Shallow Trench Isolation) 



regions 140.1, 140.2, 140.3, and 140.4 are formed in the 
substrate 110. In one embodiments, the STI regions 
140.1, 140.2, 140.3, and 140.4 can be formed by first 
creating four troughs at the four places where the STI re- 
gions 140.1, 140.2, 140.3, and 140.4 are to be formed. A 
dielectric material such as Silicon dioxide is formed in the 
STI trough region. Finally, the surface is polished to the 
original planar surface. 

[0042] W i t h reference to FIG. 1C, N+ regions 150a and 150b and 
P+ region 160 are implanted using standard processes so 
as to form the electrode structure of the diode 100. The 
p+ region 160 is typically p-channel source/drain im- 
plants used for formation of MOSFET transistors in a 
CMOS process. The n+ regions 150a and 150b are typi- 
cally n-channel source/drain implants used for formation 
of MOSFET transistors in a CMOS process. More specifi- 
cally, the N+ regions 150a and 150b serve as the cath- 
odes of the diode 100, and the P+ region 160 serves as 
the anode of the diode 100. In this structure, there is also 
a vertical pnp transistor formed wherein the p+ region 
160 is the emitter, the n- region 130 is the base, and the 
P-substrate region 110 serves as the collector region. 

[0043] when the diode 100 is in forward bias mode, portions of 



the current flow from the anode 160 to the cathodes 150a 
and 150b via the N- region 130 and N+ region 120 as 
shown by two arrows 151a and 151b, respectively. The 
larger the opening 122, the higher the breakdown voltage 
of the diode 100. This in turn provides a lower capaci- 
tance as well as a different C(V) dependence, as well as 
subsequent derivatives of the C(V) characteristic. In other 
words, the breakdown voltage and capacitance of the 
diode 100 can be tuned during fabrication process by 
choosing the size of the opening 122 (i.e., choosing the 
size of the mask). Additionally, the current also flows from 
the p+ emitter region 160 to the substrate region 110. 
Hence, the opening of the mask hole 122 modulates the 
flow of currents both to the n+ region 120 and to the chip 
substrate 110. 

[0044] FIG. 2A illustrates a diode 202, which is a variation of the 
diode 100 of FIG. 1C, in accordance with embodiments of 
the present invention. The fabrication process is the same 
as that described above related to FIGS. 1A-1C, except 
that at some point of the fabrication process, temperature 
is raised so that the N+ region 120 expands and fills the 
opening 122. This also reduces the breakdown voltage of 
the diode 100. In this embodiment, the doped regions of 



the heavily doped regions 120 converge when the spacing 
122 is small. In this case, the doping concentration is still 
variable in this region where the center point has the low- 
est doping concentration. This forms a non-uniform lower 
region which can be regarded as continuous doped film 
with a variable lateral doping concentration. In this fash- 
ion, the tuning of the C(V) dependence is achievable. By 
convergence of the heavily doped regions 120, the injec- 
tion into the substrate 110 is lessened, but still providing 
tenability of the diodic characteristic. In this structure, 
there can be a plurality of p+ shapes along the surface. 
The p+ anodes can be interdigitated between the n+ 
cathodes. A plurality of mask openings can be placed un- 
der the p+ anodes where each opening can be equal or 
different in the physical size. The plurality of p+ regions 
also can be established without the n+ cathodes interdig- 
itated. At the edges of the diode structure 202, the n- re- 
gion transitions to a p-doped region via either a p- sub- 
strate or p- epitaxial region, or a p-well edge. 
[0045] FIG. 2B illustrates a diode 204, which is another variation 
of the diode 100 of FIG. 1C, in accordance with embodi- 
ments of the present invention. Here, a deep trench (DT) 
165a and 165b are formed in the substrate 110 to electri- 



cally isolate the diode 204. As a result, lateral currents 
between the diode 100 and adjacent devices (not shown) 
in the substrate 110 are minimized. With the addition of a 
deep trench structure 165, lateral injection can be iso- 
lated. In this embodiment, the trench structure 165 bor- 
ders the heavily doped n+ implant 120. Deep trench 
structures serve to define the edge of the n+ implant re- 
gion 120. 

[0046] | n one embodiment, the deep trenches 165a and 165b 
can be formed in the substrate 110 by creating two 
troughs where the deep trenches 165a and 165b are to be 
formed. Typically, the deep trench structure 165 is formed 
at the beginning of the process. In an implanted n-well or 
implanted sub-collector process, it can be the first step of 
process. In the case of a p- substrate and a sub-collector 
process formed under an n- epitaxial region, it will be 
formed after the formation of the sub-collector region 
and the aforementioned masking process. Note that this 
trench structure 165 is either two-dimensional edges, or 
form a three-dimensional ring isolating the n- region 130 
from the outside edge of the DT structure. Then oxide 
films (not shown) can be deposited inside the two 
troughs. After that, the two troughs can be filled with 



polysilicon. Finally, the surface is planarized to the origi- 
nal surface. Then, the rest of the diode 204 is formed as 
described above. 
[0047] FIG. 2C illustrates a diode 206, which is yet another varia- 
tion of the diode 100 of FIG. 1C, in accordance with em- 
bodiments of the present invention. Here, the STI 140.2 
and 140.3 are omitted. Instead, polysilicon gate 170a with 
spacers 170a.l and 170a.2 and polysilicon gate 170b with 
spacers 170b. 1 and 170b. 2 are formed using standard 
MOSFET processes. The gates 170a and 170b are used to 
define the N+ regions 150a and 150b, and the P+ region 
160. The polysilicon gate structures 170 and spacer ele- 
ments 170a, 170b are used to define the p+ and n+ im- 
plant edges and prevent salicide bridging from the p+ to 
n+ doped regions. The polysilicon gate structure 170 pre- 
vents salicide shorting as well as p+/n+ abutment. The 
utilization of the polysilicon gate structure 170 provides 
another means of tunable capacitance of the junction 
edge of the anode structure 160, prevents STI-pulldown 
effects, and minimizes salicide sensitivities for ESD and 
analog applications. This novel structure can be used for 
RF applications to provide good C(V) and dC(V)/dV char- 
acteristics. As in prior discussion, the masked implant can 



be an n-well, or a sub-collector (e.g. either epitaxial 
formed or implanted). In one embodiment, deep trenches 
(not shown, but analogous to the deep trenches 165a and 
165b of FIG. 2B) can be formed in the diode 206 so as to 
electrically isolate the diode 206 from adjacent devices in 
the substrate 110, and to lower the diode capacitance. 
Adding the DT structure electrically isolates and improves 
the latchup robustness of the technology. 
[0048] FIG. 2D illustrates a diode 208, which is yet another varia- 
tion of the diode 100 of FIG. 1C, in accordance with em- 
bodiments of the present invention. Here, the N+ regions 
150a and 150b extend down and come into direct physi- 
cal contact with N+ regions 120. As a result, the PN junc- 
tion of the diode 208 comprises P+ region 160 for the P 
side and the regions 150a, 150b, 120, and 130 for the N 
side. Again, the size of the opening 122 affects the ca- 
pacitance and the breakdown voltage of the diode 208. In 
this case, reach-through or sinker implants can be uti- 
lized to connect to the lower region and modulate the C(V) 
characteristics. 

[0049] FIG. 3 illustrates a diode 300, which is a variation of the 
diode 204 of FIG. 2B, in accordance with embodiments of 
the present invention. This structure 300 is suitable to be 



formed in a Silicon Germanium technology. In the case of 
a non-implanted sub-collector, the wafer is formed, fol- 
lowed by the masked sub-collector definition, followed by 
epitaxial growth and then deep trench structures. In an 
implanted sub-collector, this is formed after the deep 
trench formation. Here, more specifically, after the deep 
trenches 165a and 165b, the N+ region 120 with the 
opening 122, and the N- region 130 are formed in that 
order, the two STI regions 140.2 and 140.3 are formed. 
After formation of the MOSFET process steps, a Silicon 
Germanium base region 185 is defined for the SiGe het- 
ero-junction bipolar transistor element. More specifically, 
single thin film 185 made of SiGe (silicon germanium) is 
formed on top of the opening 142 using, inter alia, UHV/ 
CVD (Ultra High Vacuum Chemical Deposition) process. 
This single film 185 forms single crystal SiGe over the Si 
region, and forms a poly-SiGe film 190 over the isolation 
structures 140. In one embodiment, the thickness of the 
single film 185 is thicker over the STI where the two films 
have crystal cleavage transition plane starting at the STI-Si 
SiGe triple point. As a result, the polysilicon germanium/sili- 
con germanium film 190,180 serves as the anode of the 
diode 300 and the N+ region 120 can serve as a cathode 



of the diode 300. In one embodiment, the N+ region 120 
can be electrically coupled to an exterior of the diode 300 
by forming a trough (not shown) extending from the sur- 
face of the substrate 110 down to the N+ region 120 and 
filling the trough with conducting materials. 
[0050] FIG. 4 illustrates a diode 400, which is a variation of the 
diode 300 of FIG. 3, in accordance with embodiments of 
the present invention. Here, upon the p-type SiGe film 
185, a dielectric film 194 and spacer 196 are formed us- 
ing standard processes. Then, a poly-silicon n+ doped 
emitter 197 of opposite doping concentration is formed in 
direct physical contact with the SiGe single crystal p- 
doped film 185. As a result, the emitter 197 can serve as 
a parallel diode cathode of the diode 400 and the N+ re- 
gion 120 can serve as a second cathode of the diode 400. 
In one embodiment, the N+ region 120 can be electrically 
coupled to an exterior of the diode 400 by forming a 
trough (not shown) extending from the surface of the 
substrate 110 down to the N+ region 120 and filling the 
trough with conducting materials. In this embodiment, the 
inventive sub-collector region opening 122 is chosen to 
provide the most optimum C(V) value, dC/dV value and 
desired breakdown voltage and injection characteristics. 



[0051] FIGS. 5, 6, 7, and 8 illustrate different configurations for 
using the diodes described above, in accordance with em- 
bodiments of the present invention. In FIG. 5, the anode 
and cathode of the diode 510 are electrically coupled to 
nodes C5 and A5, respectively. The anode and cathode of 
the diode 520 are electrically coupled to nodes B5 and C5, 
respectively. Node A5 can be connected to a voltage VDD, 
and node B5 can be connected to a voltage VSS (VSS < 
VDD). 

[0052] when the voltage at node C5 is between VDD and VSS, 
there is no current flowing through either of the diodes 
510 and 520. When voltage at node C5 exceeds VDD, the 
diode 510 is forward -biased. When voltage at node C5 
exceeds VDD by a certain voltage difference equal to or 
greater than the forward bias value of the diode 510, the 
diode 510 is in forward bias mode and a current flows 
from node C5 to node A5 through the diode 510. 

[0053] Similarly, when voltage at node C5 goes below VSS, the 
diode 520 is forward-biased. When VSS exceeds the volt- 
age at node B5 by a certain voltage difference equal to or 
greater than the forward bias voltage of the diode 520, 
the diode 520 is in forward mode and current flows from 
node B5 to node C5 through the diode 520. As a result, if 



an electric node of a circuit (not shown) is electrically con- 
nected to node C5, and if for some reason, the voltage at 
node C5 swings outside the range of VSS-VDD by a mar- 
gin exceeding the forward bias voltages of the diodes 510 
and 520, currents will flow through the diodes 510 and 
520, preventing damage to the circuit. As the voltage 
swings through the condition between VDD and VSS, one 
element is in a forward bias state and the other element is 
in a reverse bias state. In this condition, the values of the 
C(V) dependence are different conditions. 
[0054] it j S the motivation of the inventor to have the sum of the 
total capacitance linearized so that the voltage depen- 
dence of the first diode 510 is compensated by the sec- 
ond diode 520. This provides improved linearity. Since the 
diode elements 510 and 520 may not be identical in size, 
an optimization may be achieved where the various vari- 
ables come into play to provide the optimum ESD protec- 
tion, the optimum C(V) dependence, the optimum dC/dV 
dependence and other RF characteristics. Hence utilizing a 
design system which allows for personalization and cus- 
tomization of the ESD, C(V) dependence, dC/dV, and other 
RF parametrics are desired. This is achievable using a de- 
sign system with graphical unit interface (GUI) which de- 



fines the variables of interest for optimization, and using 
parameterized cells (Pcells) for the diode elements. In this 
design system, the tuning is achieved using the C(V) and 
dC/dV, and breakdown characteristics of the element to 
provide the optimum design conditions. The GUI allows 
the designer to change the mask opening to modify the 
C(V) characteristics and magnitudes by allowing parallel 
elements to exist. The parallelism allows for a plurality of 
different mask openings in either identical elements, or 
different diode elements. This is also achievable using a 
multi-finger structure where the mask opening is non- 
identical, and the fingers are of different widths and 
lengths. This allows design optimization variables of 
number of fingers, width, length, and sub-collector mask 
opening to provide the optimum ESD, latchup and RF 
characteristics. 

[0055] | n FIG. 6, the configuration is similar to that of FIG. 5, ex- 
cept that three diodes 610a, 610b, and 610c are used in 
series in place of diode 510. As a result, if the diodes 
610a, 610b, and 610c have capacitance dependence (C(V), 
dC/dV), and breakdown voltages for the values of VI, V2, 
and V3. Current is allowed to flow from C6 to A6 via the 
diodes 610a, 610b, and 610c only when the voltage at 



node C6 exceeds voltage at node A6 by VI + V2 + V3. In 
this case, the desired C(V), and breakdown voltages are 
achievable by the number of diodes in series. Hence uti- 
lizing a design system which allows for personalization 
and customization of the ESD, C(V) dependence, dC/dV, 
and other RF parametrics are desired. This is achievable 
using a design system with graphical unit interface (GUI) 
which define the variables of interest for optimization, 
and using parameterized cells (Pcells) for the diode ele- 
ments. In this design system, the tuning is achieved using 
the C(V) and dC/dV, and breakdown characteristics of the 
element to provide the optimum design conditions. The 
GUI allows for the designer to change the mask opening 
to modify the C(V) characteristics and magnitudes by al- 
lowing parallel elements to exist. The series configuration 
allows for a plurality of different mask openings in either 
identical elements, or different diode elements. This is 
also achievable using a multi-finger structure where the 
mask opening is non-identical, and the fingers are of dif- 
ferent widths and lengths. This allows design optimization 
variables of number of fingers, width, length, and sub- 
collector mask opening and number of diodes in series to 
provide the optimum ESD, latchup and RF characteristics. 



[0056] | n FIG. 7, the configuration is similar to that of FIG. 5, ex- 
cept that three diodes 710a, 710b, and 710c are used in 
parallel in place of diode 510. As a result, the optimiza- 
tion can be achieved using both parallel and series con- 
figuration. Hence utilizing a design system which allows 
for personalization and customization of the ESD, C(V) de- 
pendence, dC/dV, and other RF parametrics are desired. 
This is achievable using a design system with graphical 
unit interface (GUI) which define the variables of interest 
for optimization, and using parameterized cells (Pcells) for 
the diode elements. In this design system, the tuning is 
achieved using the C(V) and dC/dV, and breakdown char- 
acteristics of the element to provide the optimum design 
conditions. The GUI allow for the designer to change the 
mask opening to modify the C(V) characteristics and mag- 
nitudes by allowing parallel and series elements to exist. 
The series configuration and parallel configuration allows 
for a plurality of different mask openings in either identi- 
cal elements, or different diode elements. This is also 
achievable using a multi-finger structure where the mask 
opening is non-identical, and the fingers are of different 
widths and lengths. This allows design optimization vari- 
ables of number of fingers, width, length, and sub- 



collector mask opening and number of diodes in series to 
provide the optimum ESD, latchup and RF characteristics. 

[0057] | n FIG. 8, three diodes 810a, 810b, and 810c are electri- 
cally coupled in series between nodes A8 and B8. Three 
diodes 820a, 820b, and 820c are also electrically coupled 
in series between nodes A8 and B8. Assume that the 
breakdown voltages of the diodes 810a, 810b, 810c, 
820a, 820b, and 820c are Via, Vlb, Vic, V2a, V2b, and 
V2c, respectively. 

[0058] |fv V exceeds V +V +V (V and V are volt- 

A8 B8 la lb lc A8 B8 

ages at nodes A8 and B8, respectively), then a breakdown 
current flows from A8 to B8 via three diodes 810a, 810b, 
and 810c. If V V exceeds V +V +V , then a 

B8 A8 2a 2b 2c 

breakdown current flows from B8 to A8 via three diodes 
820a, 820b, and 820c. In this back-to-back configura- 
tion, one diode string is always forward biased and the 
second is reversed biased. In this environment, the total 
capacitance coupling between the nodes A8 and B8 is ad- 
dressable by the parallel and series design. This is achiev- 
able using a design system with graphical unit interface 
(GUI) which define the variables of interest for optimiza- 
tion, and using parameterized cells (Pcells) for the diode 
elements. In this design system, the tuning is achieved 



using the C(V) and dC/dV, and breakdown characteristics 
of the element to provide the optimum design conditions. 
The GUI allow for the designer to change the mask open- 
ing to modify the C(V) characteristics and magnitudes by 
allowing parallel and series elements to exist. The series 
configuration and parallel configuration allows for a plu- 
rality of different mask openings in either identical ele- 
ments, or different diode elements. This is also achievable 
using a multi-finger structure where the mask opening is 
non-identical, and the fingers are of different widths and 
lengths. This allows design optimization variables of 
number of fingers, width, length, and sub-collector mask 
opening and number of diodes in series to provide the 
optimum ESD, latchup and RF characteristics. 
[0059] | n one embodiment, node A8 and node B8 can be electri- 
cally connected to any two electric nodes in the IC. For in- 
stance, A8 and B8 can be electrically connected to two 
grounds, to two power supply voltages, or to VDD and 
VSS. 

[0060] | n summary, by providing different sizes of the diodes and 
different sizes of the opening 122 in the diodes, the ca- 
pacitance, loading effect, linearity characteristics, ESD lev- 
els of protection and breakdown voltages of the diodes 



can be tuned to the desired values during design phase 
and manufacturing. As a result, optimum ESD protection 
and noise coupling reduction can be achieved. Also, by 
using different configurations (parallel and/or series) as 
shown in FIGS. 5-8, a desired C-V (capacitance-voltage) 
characteristic for the structure can be achieved. 

[0061] | n the embodiments described above, the substrate 110 is 
doped with positive charge polarity (i.e., positive holes, 
hence P type semiconductor substrate). Alternatively, the 
substrate 110 can be doped with negative charge polarity 
(i.e., electrons). If so, the substrate 110 is of N type. Ac- 
cordingly, the region 120 must be doped with positive 
charge polarity (P type). The region 130 must be also 
doped with positive charge polarity, but with lighter dop- 
ing concentration (i.e., P-). 

[0062] while particular embodiments of the present invention 
have been described herein for purposes of illustration, 
many modifications and changes will become apparent to 
those skilled in the art. Accordingly, the appended claims 
are intended to encompass all such modifications and 
changes as fall within the true spirit and scope of this in- 
vention. 



